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Abstract

The e!ect of black carbon (BC) on climate forcing is potentially important, but its estimates have large uncertainties
due to a lack of su$cient observational data. The BC mass concentration in the southeastern US was measured at
a regionally representative site, Mount Gibbes (35.783N, 82.293W, 2006 m MSL). The air mass origin was determined
using 48-h back trajectories obtained from the hybrid single-particle Lagrangian integrated trajectory model. The highest
average concentration is seen in polluted continental air masses and the lowest in marine air masses. During the winter,
the overall average BC value was 74.1 ng m��, whereas the overall summer mean BC value is higher by a factor of 3. The
main reason for the seasonal di!erence may be enhanced thermal convection during summer, which increases transport
of air pollutants from the planetary boundary layer of the surrounding urban area to this rural site. In the spring of 1998,
abnormally high BC concentrations from the continental sector were measured. These concentrations were originating
from a biomass burning plume in Mexico. This was con"rmed by the observations of the Earth probe total ozone
mapping spectrometer. The BC average concentrations of air masses transported from the polluted continental sector
during summer are low on Sunday to Tuesday with a minimum value of 256 ng m�� occurring on Monday, and high on
Wednesday to Friday with a maximum value of 379 ng m�� occurring on Friday. The net aerosol radiative forcing
(scattering e!ects plus absorption e!ects) per unit vertical depth at 2006 m MSL is calculated to be !1.38�10��W m��

for the southeastern US. The magnitude of direct radiative forcing by aerosol scattering is reduced by 15$7% due to the
BC absorption. � 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The carbonaceous component of atmospheric aerosols
is composed of two main fractions (i.e., organic carbon
and black carbon (BC)). Organic carbon is generally
associated with condensed organic compounds which is
primarily a scattering medium, whereas BC is generally
de"ned as the absorbing component of carbonaceous
aerosols. Absorption of solar radiation by BC heats
the atmosphere while reducing solar irradiance at the

ground, thereby altering the vertical temperature pro"le.
The e!ects of BC on climate forcing (i.e., a warming
in#uence on the atmosphere, by adding to greenhouse
forcing or by decreasing cooling by the scattering compo-
nents of aerosols), although recognized as potentially
important, were estimated with large uncertainties
(IPCC, 1994; Penner et al., 1994).

The BC is mainly produced by the incomplete combus-
tion of fossil and biomass fuels. It is ubiquitous and can
be found in soils, ice, sediments and the atmosphere. Wet
and dry deposition are known as important sinks for BC
(Hansen et al., 1988; Ogren et al., 1984). Since most of the
BC particles are in the "ne-particle size mode (e.g., Ogren
and Charlson, 1983; Penner et al., 1992), dry removal rate
is small (Ogren et al., 1984). Bahrmann and Saxena (1998)
showed BC concentration decreased abruptly after

1352-2310/01/$ - see front matter � 2001 Elsevier Science Ltd. All rights reserved.
PII: S 1 3 5 2 - 2 3 1 0 ( 0 0 ) 0 0 5 2 0 - 3



Fig. 1. Map of the United States illustrating the geographical
location and classi"cation of the di!erent air mass types in-
#uencing the research sites.

precipitation due to scavenging e!ects. Lifetime of BC is
relatively short (40 h in rainy climates to 1 week in clean,
dry regions) and controlled by several factors (e.g., the
initial size distribution, the concentration of ambient
particles, the frequency and duration of precipitation,
and the e$ciencies of removal mechanisms) (Ogren and
Charlson, 1983). BC is found in the atmosphere in both
urban and remote regions. In general, BC is assumed to
be inert and non-volatile (Ogren and Charlson, 1983),
thus the light absorbing aerosol component measured
by optical method is commonly used as a good tracer
for combustion (e.g., Hansen et al., 1988; Allen
et al., 1999). Since the lifetime of the particles with dia-
meters of greater than a few micrometers is quite short, it
is necessary when using a global climate model or a re-
gional climate model to concentrate on the fraction of the
aerosols which is capable of long-range transport.

The presence of anthropogenic aerosol in a remote
region may result in changes in the solar radiation bal-
ance. Therefore, the investigation of the seasonal vari-
ations and long-term trends in BC aerosol parameters as
well as the indication of possible source region is impor-
tant. In this study, we investigate the in#uence of long-
range transport on measured BC mass concentrations at
a representative mountain-top site in North Carolina, its
seasonal and weekly patterns, and the e!ects of BC on
the regional climate of the southeastern United States.
The results could aid in understanding the meteorologi-
cal transport of atmospheric aerosol and improve the
knowledge of the climatology due to aerosol BC in the
southeastern United States.

2. Methodology

2.1. Experimental setup

The experimental site (North Carolina State Univer-
sity Research Station) is located on the peak of Mt.
Gibbes (35.783N, 82.293W, 2006 m MSL), in the Blue
Ridge Mountains of western North Carolina. The re-
search site lies approximately 4 km southwest of Mount
Mitchell (2038 m MSL), the highest peak in eastern
North America. Detailed descriptions of the site are
available in Bahrmann and Saxena (1998). The air mass
origin was determined using 48-h back-trajectories ob-
tained from the hybrid single-particle Lagrangian integ-
rated trajectory (HY-SPLIT) model (Draxler and Hess,
1997). Air mass source regions were classi"ed as polluted
continental, continental, and marine with some continen-
tal in#uence, based on the SO

�
, NO

�
emission invento-

ries obtained from the US Environmental Protection
Agency (Fig. 1). (Detailed descriptions on the sector div-
ision can be found in Ulman and Saxena (1997).) In
situations where the back trajectories crossed the bound-
aries between adjacent sectors, the classi"cation of air

mass history became somewhat subjective and was based
on the perceived amount of time spent in any one sector.
Since we assume the air mass arriving at the research site
is transported from its source of origin, the classi"cation
of air mass does not imply a pure air mass but rather
a modi"ed air mass. Validation of the air mass sector
classi"cation was obtained through the analysis of cloud
water pH (Ulman and Saxena, 1997) and the ionic con-
centration found in cloud water (Deininger and Saxena,
1997). Ulman and Saxena (1997) reported the lowest
average pH value to originate in the polluted continental
sector. Deininger and Saxena (1997) showed that cloud-
forming air masses from the polluted continental sector
were abundant in sulfates. They also found that air mass-
es from the marine sector were characterized by the
presence of sea-salts, and air masses from the continental
sector were characterized by the presence of calcium,
although a major component in both marine and conti-
nental air masses was also sulfate.

2.2. Instrumentation

A Magee Scienti"c aethalometer was deployed at the
site and provided realtime, continuous measurement of
BC mass concentration. The measurements were re-
corded at 15 min intervals and were obtained for Spring
(5/4}5/31, 1998), Summer (6/1}8/31, 1998), and Winter
(11/11}12/31, 1997 and 12/17}12/31, 1998) to investigate
the seasonal patterns of BC concentration.

The aethalometer is designed to measure the fraction
of the carbonaceous aerosol that absorbs light over
a broad region of the visible spectrum by determining the
attenuation of the light transmitted through the sample
when collected on a "brous "lter (Hansen, 1996). Gundel
et al. (1984) have shown that optical absorption is pro-
portional to BC mass concentration, such that BC mass
concentration (g m��) is equal to the measured absorp-
tion (i.e., absorption coe$cient, m��) divided by the
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Fig. 2. Average monthly BC concentrations for each sector at Mount Gibbes, NC.

absorption e$ciency (m� g��). The value of absorption
e$ciency depends on the size of particles, the incident
light wavelength, and the type of mixing between BC and
scattering component (such as organic matter and sul-
fates) (e.g., Waggoner et al., 1981; Rosen and Hansen,
1984; Liousse et al., 1993; ChyH lek et al., 1995; Martins
et al., 1998). Several authors (e.g., Clarke et al., 1987;
Japar et al., 1986) obtained values around 10 m� g�� for
absorption e$ciency of aerosol particles and Gundel
et al. (1984) reported a value of 25 m� g�� by comparing
direct thermal measurements of ambient BC with
measurements of light attenuation. In addition, Martins
et al. (1998) reported absorption e$ciencies measured for
various types of biomass "res ranging between 5.2 and
19.3 m� g�� with an average value of 12.1$4.0 m� g��.
The value used in our aethalometer is 19 m� g�� and can
be considered as "rst-step approximation in determining
BC mass concentration in our study. Internally mixed
particles composed of an absorbing core surrounded by
a non-absorbing shell have, in general, a greater BC mass
absorption e$ciency than pure BC particles or externally
mixed particles (e.g., Ackerman and Toon, 1981; ChyH lek
et al., 1995). This is because the non-absorbing shell
increases the total cross-sectional area of the particles
and focuses light towards the absorbing core, causing the
same amount of BC in the internally mixed structure to
absorb more than pure BC particles (Martins et al., 1998).

The aerosol scattering coe$cient was also measured
from 15 July to 13 August 1998. A Radiance Research
M-903 nephelometer measures the total scattering coe$-
cients at a wavelength of 530 nm, using the geometry of
a standard integrating nephelometer under ambient rela-
tive humidity (RH). With general meteorological values
(i.e., pressure, temperature, and RH), the values of total
scattering coe$cient are monitored and recorded as
15 min averages. Calibration is accomplished by adjusting

the span so that the indicated scattering coe$cient match-
es the calculated value when sampling calibration span gas
at local pressure and temperature conditions. Particle-free
air and freon gas (CHClF

�
) are used as zero reference and

span gas, respectively. The optical and electrical back-
ground noise (usually wall scatter) is su$ciently low to
allow the measurement of total scattering coe$cient from
less than 10�� m�� to greater than 10�� m��.

3. Results and discussions

3.1. Seasonal patterns of BC concentrations

To investigate the in#uence of long-range transport on
measured BC mass concentrations, each BC sample was
categorized by air-mass-type. The monthly average for
each air-mass-type is shown in Fig. 2. Except for May
1998, the highest average BC concentration values were
found in polluted continental air masses and the lowest
BC values were found in marine air masses. BC mass
concentrations in summer 1998 agree well to those in
summer 1996, 1997 (Bahrmann and Saxena, 1998). The
seasonal variation of BC mass concentrations was also
investigated (Fig. 3). During the summer season, the
mean BC mass concentration is 327.4 ng m�� for pol-
luted continental air masses, 165.9 ng m�� for continen-
tal air masses, and 103.3 ng m�� for marine air masses.
During the winter season, the mean BC mass concentra-
tion is 107.4 ng m�� for polluted continental air masses,
86.7 ng m�� for continental air masses, and 28.1 ng m��

for marine air masses. In general, BC mass concentra-
tions observed in other areas in winter are higher than
those in summer, due to domestic and commercial heat-
ing in urban areas (e.g., 1.74 �g m�� for winter compared
to 0.54 �g m�� for summer in Nova Scotia, Canada
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Fig. 3. Average BC concentrations for each sector during the
summer months (June}August in 1998) and during the winter
months (November and December in 1997 and December in
1998).

(ChyH lek et al., 1999) and 2.0 �g m�� for winter compared
to 1.6 �g m�� for summer over the Washington DC area
(Malm et al., 1994). However, rural regions such as our
research site located at a higher altitude, are in#uenced
by long-range transport of air pollutants, and show dif-
ferent seasonal patterns. One of the main reasons for the
seasonal di!erence is the enhanced thermal convection
during the summer. This may increase transport of plan-
etary boundary layer air pollutants from the surrounding
urban area to this rural area. Therefore, the mixing
height in the site can be as high as or higher than 2006 m
MSL during the summer months. On the other hand, we
would expect lower mixing height in the winter. Hence,
during the winter, the air on Mt. Gibbes is cleaner, with
an overall average value of 74.1 ng m��, whereas the
overall summer mean value is higher by about a factor of
3. These results are in good agreement with the seasonal
variations of daily median BC mass concentrations
at a high-alpine research station during 1995}1997
(Lavanchy et al., 1999).

In the spring of 1998, abnormally high BC concentra-
tions from the continental sector were measured (Fig. 2).
The monthly mean value of BC (375.0 ng m��) in May
1998 for continental air masses is even greater than that
of polluted continental air masses (283.9 ng m��) and
about twice as high as the concentrations in the continen-
tal air masses of May, 1997. A maximum daily average
BC concentration is also shown in this continental air
mass (May 16, 1998) with a value of 673 ng m��. This
anomaly can be explained by a massive biomass burning
in Central America and southern Mexico in the spring
of 1998. The aerosols originating from the forest-"re
smoke plume in Mexico were transported to the
southeastern US. The plume was also detected by
the Earth-Probe total ozone-mapping spectrometer
(TOMS) (NASA/GSFC, Laboratory for Atmospheres;
http://toms.gsfc.nasa.gov/) and the most extensive smoke
coverage at the research site occurred on May 16 (Fig. 4).

Therefore, these BC measurements obtained from contin-
ental sector air masses during May 1998 is evidence of
the long-range transport of BC produced by biomass
burning in Mexico.

3.2. Weekly patterns of BC concentration

To investigate day-of-week distribution of BC concen-
trations for the air masses transported from the polluted
continental sector, 48-h back-trajectories arriving at the
research site at 1300 EST during June and July 1998 are
drawn in Fig. 5. The BC concentration is averaged for
three Sundays, two Mondays, one Tuesday, two Wednes-
days, two Thursdays, two Fridays, and two Saturdays
displayed in Fig. 5 to illustrate the day-of-week distribu-
tion (Fig. 6). The mean BC concentration increases from
Monday to Friday and decreases from Friday to Mon-
day. The day-of-week distribution for the polluted conti-
nental air masses is also calculated for the entire summer
period in order to generalize BC weekly patterns (Fig. 7).
This shows the mean BC concentration of the week along
with 95% con"dence intervals for the estimated mean
values. As can be seen, the BC concentrations are low
on Sunday to Tuesday with a minimum value of
256$10 ng m�� occurring on Monday and higher from
Wednesday to Friday with a maximum value of
379$13 ng m�� occurring on Friday. Considering the
transport time required from northern urban areas, the
minimum occurring on Monday can represent lower BC
emissions on Saturday and Sunday in the polluted source
regions. The higher BC concentrations shown on Wed-
nesday to Friday may be due to weekday pollution
emissions in the source regions. The summer average of
the BC concentration temporal (day-of-week) distribu-
tion measured at our site and that measured in south-
western Pennsylvania (Allen et al., 1999) are compared in
Table 1. The major air pollution sources in the latter
region were reported as the Hats"eld electric generating
station, vehicular emissions, and open burning of resi-
dential and commercial trash allowed on Saturdays
and/or Wednesdays (Allen et al., 1999). It is apparent that
there is about a 1-day lag for peak and minimum BC
concentrations at our site compared to one of BC emis-
sion source regions in the polluted sector. The overall
average BC concentration at our site (322 ng m��) is
reduced to about 25% of that in southwestern PA
(1270 ng m��). Although this comparison is insu$cient
to explain the exact mean time for transport to our site
from southeastern PA, it can be used to approximate the
time lag of the weekly BC concentration trend and BC
amount transported from a source region.

3.3. Comparison with scattering measurements

Total aerosol scattering coe$cient measurements at the
site were compared with the BC absorption coe$cient
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Fig. 4. Earth-Probe TOMS aerosol index maps for 15 May (top), 16 May (middle), and 17 May (bottom) 1998.

measurements. Scattering by aerosols is strongly
dependent on the RH at which it is measured, due
to the hygroscopic growth nature of most atmospheric
aerosols (e.g., Tang and Munkelwitz, 1977; Malm et al.,
1994; Hegg et al., 1996; Kotchenruther et al., 1999).
At our research site, the maximum value of total scatter-
ing is observed just before sunrise and the minimum
value is observed near 2 PM, which is coincident with
the trend of RH. In order to eliminate the diurnal vari-
ation of total scattering, daily average values were

calculated. Fig. 8 illustrates the daily means of
total scattering and absorption coe$cients from 15 July
to 13 August 1998. Although the magnitude of the ab-
sorption coe$cients is less than that of total scattering
coe$cients at the site, the daily mean absorption coe$-
cients correlate well (correlation coe$cient, R"0.86)
with the daily mean total scattering coe$cients. This
suggests that the transported aerosols responsible for
scattering and absorption have originated from the same
emission sources.
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Fig. 5. Forty-eight-hour back-trajectories for polluted conti-
nental air mass cases arriving at the research site at 1300 EST
during June and July 1998.

Fig. 6. Temporal (day-of-week) distribution of black carbon
concentrations for the trajectories displayed in Fig. 5. Each
point represents the average concentration for 1000 EST to 1600
EST during the days indicated.

Fig. 7. Temporal (day-of-week) distribution of black carbon
concentrations averaged for polluted continental air masses
during the summer period (June}August, 1998). The line with
circles denotes the mean value and dashed lines denote 95%
con"dence interval (CI) for the mean estimate.

3.4. BC ewects on direct radiative climate forcing

Numerous studies of the direct e!ect of tropospheric
sulfate aerosols have shown an aerosol impact on climate

through re#ection of solar radiation back to space (e.g.,
Charlson et al., 1991, 1992; Kiehl and Briegleb, 1993;
Boucher and Anderson, 1995; Saxena and Menon, 1999).
Estimates of the globally averaged annual direct radi-
ative forcing due to anthropogenic sulfates range from
!0.3 W m�� (Kiehl and Briegleb, 1993) to !1.3 W m��

(Charlson et al., 1992). The direct cooling e!ects of aero-
sols are reduced by the presence of BC (e.g., ChyH lek and
Wong, 1995; ChyH lek et al., 1995). The BC within the
sulfate aerosol reduces the expected sulfate direct cooling
e!ect by about 0.034 W m�� for each 1% of the BC to
sulfate mass mixing ratio (ChyH lek et al., 1995). Haywood
and Shine (1995) reported that fossil-fuel-derived BC
caused positive global mean radiative forcing ranged
from #0.03 to #0.24 W m�� for an assumed BC/sul-
fate mass ratio of between 0.05 and 0.1.

With direct measurements of optical properties for
aerosols in the southeastern US, aerosol direct radiative
forcing is calculated using the equation obtained by
ChyH lek and Wong (1995):
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Table 1
Comparison of temporal (day-of-week) distribution of black carbon concentrations at Mount Gibbes, NC, to those obtained in
southwestern PA. The numbers represent mean$standard deviation

Day of week Polluted air masses arriving at Mt. Gibbes NC
summer of 1998 BC concentration (ng m��)

Air masses in southwestern PA
summer of 1990 (Allen et al., 1999)
BC concentration (ng m��)

Sunday 278$107 647$338
Monday 256$108 1016$271
Tuesday 290$109 1294$453
Wednesday 352$130 1490$600
Thursday 372$157 1612$486
Friday 379$161 1409$561
Saturday 324$149 1421$969

Fig. 8. Daily means of absorption coe$cient and scattering coe$cient measured from 15 July to 13 August 1998. P, C, and M denote
polluted continental, continental, and marine air mass in#uences for speci"c times, respectively, based on 48 h back trajectory analyses
that were available during the period.

where �
��

and �
��

are the total scattering coe$cient and
absorption coe$cient, respectively. To compare contri-
butions of aerosol scattering and absorption to regional
climate at a certain height, the values of �

��
and �

���
were calculated for unit vertical depth at 2006 m MSL.
Parameters used to calculate the direct radiative
forcing in this study were S

�
"1370 W m��, ¹

���
"0.76,

A
�
"0.61, and R

�
"0.15 based on the values used in the

box model (Charlson et al., 1992). In addition, the value
of B used in the computation of �F

�
was estimated using

the regression equation of backscatter fraction (�"

!0.0005�RH#0.125) obtained from three-wavelength
nephelometer at a nearby research station (35.663N,
82.383W, 951 m MSL) and Henyey}Greenstein phase
function (Wiscombe and Grams, 1976) to be 0.23 at

RH"68%. This RH is the mean ambient RH during the
measurement and is consistent with the clear sky daytime
RH (68.6%) in the eastern United States during July,
obtained by Boucher and Anderson (1995). Direct radi-
ative forcing per unit vertical depth (W m��) was com-
puted for aerosol scattering and absorption at 2006 m
MSL of the southeastern US during 15 July}13 August
1998. The net aerosol direct radiative forcing (scattering
e!ects plus absorption e!ects) per unit vertical depth
was calculated to have a negative value of !1.38�
10�� W m��. The magnitude of direct radiative forcing
by aerosol scattering is reduced by 15$7% due to the
BC absorption. Thus, the presence of BC does not signi"-
cantly change the estimates of aerosol direct cooling
e!ect in the southeastern US. A regional cooling trend in
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the mean maximum surface temperature over the south-
eastern US from 1949 to 1994 (Saxena and Yu, 1998) is
potentially an observational con"rmation for the esti-
mate.

Haywood and Shine (1995) expressed the aerosol forc-
ing as a function of optical depth:
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where � is the optical depth, D is the fractional daylength
(the value of D"0.5 is used in this study), and �

�
is

single scatter albedo (the ratio of scattering to absorption
plus scattering for a thin aerosol layer). The parameters
(S

�
, ¹

���
, A

�
, B, and R

�
) are the same as those de"ned in

Eq. (1). Rearranging the Eq. (4), the aerosol radiative
forcing per unit optical depth (aerosol radiative forcing
e$ciency) is obtained as follows:

�F

�
"!DS

�
¹�

���
(1!A

�
)�

�
B[(1!R

�
)�

!

2R
�

B �
1

�
�

!1��. (5)

The direct radiative forcing per unit optical depth are
calculated as a function of single scatter albedo during 15
July}13 August 1998. In this computation, the value of
0.23 for upscatter fraction is used as mentioned pre-
viously. At our experimental site, 93% of the calculated
single scatter albedo are in the range of 0.90}0.96 and the
overall average direct radiative forcing per unit optical
depth is calculated to be !20$2 W m��. The magni-
tude of this cooling estimate is smaller than that for dry
aerosols in the range of !23 to !33 W m�� over cen-
tral and eastern North America (Sheridan and Ogren,
1999). It is partially due to the aerosol particle size
growth with RH in our case considering the hygroscopic
growth factor. That is, the smaller upscatter fraction
value used in our study is responsible for this di!erence.
Neglecting BC absorption e!ects (i.e., single scatter al-
bedo"1), the direct radiative forcing per unit optical
depth is derived to be !25.6 W m�� which approaches
to the value of!32 W m�� obtained by Charlson et al.
(1991) when the value of 0.29 for upscatter fraction is
used. In our study considering the e!ects of BC absorp-
tion and aerosol hygroscopic growth nature, the BC
reduces the expected sulfate direct cooling e!ect per unit
optical depth by 21$9%.

4. Summary and conclusion

The BC mass concentrations in the southeastern
United States were measured at a regionally representa-
tive site near Mount Mitchell, North Carolina, the high-

est peak in eastern North America. The results obtained
are the following:

(1) During the experiment, except for May 1998, the
highest average BC concentration is seen in polluted
continental air masses and the lowest in marine air
masses.

(2) During the winter the air is cleaner with an overall
average value of 74.1 ng m��, whereas the overall
summer mean value is higher by about a factor of 3.
The main reason for the seasonal di!erence may be
enhanced thermal convection during summer, which
increases transport of planetary boundary layer air
pollutants from the surrounding urban area to this
rural site.

(3) In the spring of 1998, abnormally high BC concentra-
tions from the continental sector were measured.
These concentrations were originating from biomass
burning from the forest-"re smoke plume in Mexico.
This was con"rmed by the observations of the
Earth-Probe TOMS.

(4) The mean BC concentrations of air masses trans-
ported from the polluted continental sector during
summer are low from Sunday to Tuesday with a min-
imum value of 256 ng m�� on Monday and higher
from Wednesday to Friday with a maximum value of
379 ng m�� on Friday.

(5) The daily mean BC absorption and scattering coe$-
cients are well correlated (R"0.86), which suggests
the aerosols originated from the same emission sour-
ces.

(6) The net aerosol radiative forcing (scattering ef-
fects#absorption e!ects) per unit vertical depth
at 2006 m MSL was calculated to be !1.38�
10�� W m�� for the southeastern United States. The
magnitude of direct radiative forcing by aerosol scat-
tering is reduced by 15$7% due to the BC absorp-
tion.

The e!ect of BC on climate forcing is important be-
cause of its high absorption of solar radiation, but the
e!ect is estimated with a large uncertainty due to a lack
of su$cient observational data. Therefore, the investiga-
tion of the seasonal variations and long-term trends in
BC aerosol parameters as well as the indication of pos-
sible source area is important. The results obtained from
continuous in situ measurements of BC aid in under-
standing the meteorological transport of atmospheric
aerosol and improve the knowledge of the climatology
due to aerosol BC in the southeastern United States.
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